In order to probe the reaction chemistry of respiratory quinol-oxidizing enzymes on a rapid time scale, a photoreleasable quinol substrate was synthesized by coupling decylubiquinol with the water-soluble protecting group 3P,5P-bis(carboxymethoxy)benzoin (BCMB) through a carbonate linkage. The resulting compound, DQ-BCMB, was highly soluble in aqueous detergent solution, and showed no reactivity with quinol-oxidizing enzymes prior to photolysis. Upon photolysis in acetonitrile, 5,7-bis(carboxymethoxy)-2-phenylbenzofuran, carbon dioxide, and decylubiquinol were formed. In aqueous media, free 3P,5P-bis(carboxymethoxy)benzoin was also produced. Photolysis of DQ-BCMB with a 308 nm excimer laser led to the release of the BCMB group in less than 10 36 s. Decylubiquinol was released in the form of a carbonate monoester, which decarboxylated with an observed first-order rate constant of 195^990 s 31 , depending on the reaction medium. Yields of decylubiquinol as high as 35 WM per laser pulse were attained readily. In the presence of Escherichia coli cytochrome bo 3 , photolysis of DQ-BCMB led to the oxidation of quinol by the enzyme with a rate that was limited by the rate of the decylubiquinol release. Mitochondrial cytochrome bc 1 reacted with photoreleased decylubiquinol with distinct kinetic phases corresponding to rapid b heme reduction and somewhat slower c heme reduction. Oxidation of photoreleased ubiquinol by this enzyme showed saturation kinetics with a K m of 3.6 WM and a k cat of 210 s 31 . The saturation behavior was a result of decylubiquinol being released as a carbonate monoester during the photolysis of DQ-BCMB and interacting with cytochrome bc 1 before decarboxylation of this intermediate yielded free decylubiquinol. The reaction of cytochrome bc 1 and photoreleased decylubiquinol in the presence of antimycin A led to monophasic b heme reduction, but also yielded slower quinol oxidation kinetics. The discrimination of kinetic phases in the reaction of cytochrome bc 1 with ubiquinol substrates has provided a means of exploring the bifurcation of electron transfer that is central to the operation of the Q-cycle in this enzyme. ß 2000 Elsevier Science B.V. All rights reserved.
Introduction
Quinol oxidation is a common feature of respiration in mitochondria and aerobic bacteria [1] . Quinol-oxidizing enzymes utilize the energy released in the electron transfer from quinols to electron-accepting substrates in order to promote the translocation of protons across the inner mitochondrial or cytoplasmic membrane. The resulting electrochemical gradient is utilized for the production of ATP. The fundamental component of the coupling of electron transfer to proton translocation is the ability of the enzyme to direct the electron transfer through the protein in a precise manner, in terms of both the sequence of electron carriers and the rates of electron transfer, so that redox-linked proton translocation is achieved in preference to uncoupled electron transfer that is thermodynamically favored but non-productive with respect to proton translocation. Thus, a complete description of the electron transfer mediated by proton-translocating enzymes is necessary to understand the mechanism of these proteins. In the case of quinol-oxidizing enzymes, the initial electron input to the enzyme is expected to play a crucial role in proton translocation. Yet, this has been a di¤cult area of study on account of the rapid kinetics of quinol oxidation.
In our laboratory, we have been interested in two quinol-oxidizing enzymes, mitochondrial cytochrome bc 1 and Escherichia coli cytochrome bo 3 , particularly with regard to the mechanistic similarities and di¡er-ences between the two in terms of proton translocation in each of the proteins. Schematic diagrams of these proteins are shown in Fig. 1 .
Cytochrome bo 3 catalyzes the oxidation of ubiquinol to ubiquinone, using the electrons released in this process to promote the four-electron reduction of dioxygen to water. The electron transfer from ubiquinol to dioxygen is coupled to the translocation of protons across the bacterial cytoplasmic membrane. Cytochrome bo 3 contains a low-spin b heme involved in electron transfer, and a binuclear site composed of a high spin o 3 heme and a mononuclear copper center (Cu B ). This binuclear site is the location of dioxygen reduction by the enzyme. In addition to the metal centers in the enzyme, there is a tightly bound molecule of quinone (Q B ) near heme b, at a site distinct from that of quinol oxidation. The precise location of this quinone and its role in enzyme turnover have not been fully de¢ned to date.
The study of electron transfer through this enzyme has been performed primarily using CO £ow-£ash methodology [2^9] . Although this type of study can be used to probe electron transfer in pre-reduced enzyme, the utility of this strategy in the study of electron input to the enzyme from quinol under single turnover conditions is limited. Steady-state kinetics of cytochrome bo 3 have revealed a turnover of 1500 molecules of ubiquinol-2 per second by this enzyme [10] , making initiation of single-turnover chemistry di¤cult. Because of this di¤culty, veri¢ca-tion of which redox centers are the initial electron Fig. 1 . Schematic diagrams of the enzymes cytochrome bo 3 (left) and cytochrome bc 1 (right). Q, ubiquinone; QH 2 , ubiquinol; N, N center of cytochrome bc 1 ; P, P center of cytochrome bc 1 . All other redox centers are described in the text.
acceptors from ubiquinol, the rate of electron input to the enzyme, and the sequence of electron transfers following quinol oxidation remain unresolved issues.
Mitochondrial cytochrome bc 1 is an 11-subunit enzyme embedded in the inner mitochondrial membrane. Three of the subunits, cytochrome b, cytochrome c 1 , and the iron-sulfur protein, contain redox centers that are involved in electron transfer through the enzyme and constitute the catalytic core of the protein complex. Cytochrome b contains two b hemes, a low-potential heme b L and a higher potential heme b H . The iron-sulfur protein contains an Fe 2 S 2 cluster, and cytochrome c 1 contains a single c heme. In addition to these four redox centers, the enzyme contains two quinone/quinol binding sites. The P center lies near the cytoplasmic side of the membrane, and is the site of ubiquinol oxidation. The N center is near the matrix side of the membrane; quinone reduction occurs at this site, as described below. Recent crystal structures of cytochrome bc 1 have de¢ned the location and orientation of these centers [11^13] .
Cytochrome bc 1 couples electron transfers through the enzyme to the generation of a proton gradient across the inner mitochondrial membrane. The reaction mechanism of this enzyme is described by a Qcycle model, originally formulated by Mitchell [14] and described in detail elsewhere [15] . At the heart of this model is a branched electron transfer pathway through the enzyme controlled at the P center of the enzyme. During the oxidation of quinol at this site, one electron is transferred through the iron-sulfur protein, through cytochrome c 1 , and on to cytochrome c. The second electron passes through heme b L and heme b H to reduce ubiquinone at the N center. A full reaction cycle consists of the oxidation of two molecules of ubiquinol with the release of four protons on the cytoplasmic side of the mitochondrial membrane, the reduction of one molecule of ubiquinone with the associated uptake of two protons from the matrix side of the mitochondrial membrane, and the reduction of two molecules of ferricytochrome c.
) ratio provides the driving force for the vectorial proton translocation.
The branched electron transfer at the P center of cytochrome bc 1 is kinetically controlled, since the thermodynamically more favored reaction is the transfer of all of the electrons from ubiquinol to ferricytochrome c. The precise means of this control is not understood at this time. Models of the branched electron transfer pathway include a`catalytic switch' model in which electron transfer is controlled by di¡erential binding of quinol and semiquinone in the P center of the enzyme [16, 17] , P center dual-occupancy models [18^20], a`proton-gated af¢nity change' mechanism in which electrostatic interactions between the iron-sulfur cluster and bound semiquinone prevent the transfer of an electron from the iron-sulfur cluster to cytochrome c 1 prior to the oxidation of semiquinone [21] , and structurebased models involving domain motion of the ironsulfur protein after it accepts an electron from ubiquinol [12, 13] . In the two-electron oxidation of ubiquinol, the high potential of the iron-sulfur cluster drives the reaction, and thus it is assumed that the iron-sulfur cluster accepts the ¢rst electron that leaves the quinol molecule (Eq. 1). The branching of the electron transfer at the P center requires that once the semiquinone is formed, its electron is donated to cytochrome b instead of to the iron-sulfur cluster. Since electron transfer from the semiquinone to the oxidized iron-sulfur cluster is thermodynamically favored over electron transfer from semiquinone to cytochrome b, the key issue in the branched electron transfer in cytochrome bc 1 is the relative rates of reduction of cytochrome c 1 by the iron-sulfur cluster (Eq. 2) and of cytochrome b by ubisemiquinone at the P center of the enzyme (Eq. 3).
The electron input from quinol to cytochrome bo 3 and cytochrome bc 1 plays a substantial role in enzyme function, and yet this reaction is di¤cult to study under single-turnover conditions on account of the rapidity of the electron transfer. While in principle the rate of quinol oxidation by these enzymes can be determined at low substrate concentrations on account of the second-order kinetic process involved, a thorough understanding of electron transfer through the enzymes requires that the time scale for substrate oxidation be comparable to or more rapid than that of subsequent electron transfers through the enzyme, and thus that the substrate concentration be su¤ciently high. The time frame of traditional rapid-mixing techniques is limited by the mixing time of the reagents, with dead times typically on the order of milliseconds. While inroads are being made into submillisecond rapid mixing techniques [22] , an alternative method for the rapid initiation of reaction chemistry is through the use of substrates that contain photolabile protecting groups (`cages'). By removing a photolabile protecting group with a laser pulse, reaction chemistry can be initiated on a time scale dictated by the rate of the photolysis reaction, which can be much more rapid than the mixing of reagents through turbulent £ow. The use of such photoreleasable substrates in the study of biological systems has been reviewed elsewhere [23, 24] .
Our interest in cytochrome bo 3 and cytochrome bc 1 led us to explore the possibility of using photoreleasable substrates to probe the reaction chemistry of these enzymes. We chose an approach based on the use of the 3P,5P-dimethoxybenzoin (DMB) moiety as a protecting group. In early work by Sheehan and coworkers, O-acetyl-3P,5P-dimethoxybenzoin was shown to photolyze with the concomitant release of acetate, with a rate constant estimated at s 10 10 s 31 [25] . Pirrung and coworkers extended the methodology to derivatize alcohols using a carbonate linkage [26] . The rapid photolysis rate and a facile synthesis of the DMB group made its use desirable. In prior work from this laboratory, a ubiquinol-2 substrate derivatized with the 3P,5P-dimethoxybenzoin group was synthesized and studied [27] . However, poor solubility of the caged ubiquinol in aqueous media prevented full characterization of the compound and precluded its use in enzymatic reactions. Recent work in our laboratory has led to the development of a derivative of the 3P,5P-dimethoxybenzoin group in which the water solubility is dramatically increased by replacing the methoxy groups with carboxymethoxy groups [28] . This new protecting group, 3P,5P-bis(carboxymethoxy)benzoin (BCMB), has the potential to allow the water solubility of otherwise insoluble substrates. In this work we present the synthesis of a water-soluble caged decylubiquinol based on the BCMB protecting group (hereafter referred to as DQ-BCMB), characterization of its reactivity and photolysis properties, and its use in the study of electron input into mitochondrial cytochrome bc 1 and E. coli cytochrome bo 3 .
Materials and methods

General
Anhydrous THF was distilled from sodium/benzophenone ketyl prior to use. Anhydrous acetonitrile and methylene chloride were purchased from Aldrich. All other solvents were of reagent grade. Decylubiquinone was purchased from Sigma and puri¢ed by reverse-phase HPLC to greater than 99% purity. The synthesis of the water-soluble BCMB cage is reported elsewhere [28] . Antimycin A was purchased from Sigma and used as received. n-Dodecyl-L-D-maltopyranoside (DDM) was purchased from Anatrace. Cytochrome bc 1 from bovine heart mitochondria and E. coli strain GO105/pJRHisA were generous gifts from Dr. C.A. Yu of the Department of Biochemistry, Oklahoma State University, and Dr. R.B. Gennis of the Department of Biochemistry, University of Illinois, respectively. Cytochrome bo 3 was prepared as described previously [10] .
Silylated decylubiquinol (1)
A solution of decylubiquinone (0.30 g, 0.93 mmol) was placed into a solution of ether/water (1/1) and excess sodium dithionite was added. The reaction vessel was capped and purged with argon. After ¢ve minutes of vigorous mixing, the solution became clear. The organic layer was ¢ltered through a small plug of MgSO 4 and transferred to a stoppered round bottom £ask. Solvent was removed in vacuo and the nearly colorless oil was redissolved in dry acetonitrile and purged with dry argon. The £ask was charged with a stir bar and 86 Wl of triethylamine (0.76 mmol). Chlorotriethylsilane (0.093 g, 0.90 mmol) in acetonitrile was added dropwise using a syringe pump over a 4 h period. The solvent was removed under reduced pressure and the resultant oil was puri¢ed by £ash chromatography using 9/1 hexane/EtOAc. Isomeric resolution was achieved under these conditions. The product was isolated as a clear oil. Yield 0.28 g (71%). 1 A solution of 1 (0.235 g, 0.52 mmol), and 2 (0.264 g, 0.85 mmol) was prepared in 100 ml dry methylene chloride under dry argon. To this solution was added 6.4 mg of 4-(dimethylamino)pyridine (DMAP) (0.052 mmol) in 10 ml of dry methylene chloride under argon. The reaction was allowed to run for 18 h. The reaction mixture was poured into 25 ml of 0.1 M HCl and extracted with 2U50 ml of methylene chloride. The organic phases were combined and ¢l-tered through a plug of MgSO 4 and the solvent was removed under reduced pressure. The resulting oil was puri¢ed by £ash chromatography using 4/1 hexane/EtOAc. Yield 2.10 g (92%). 
Carbonate ester of protected BCMB and silylated decylubiquinol (5)
A round bottom £ask was charged with 3 (280 mg, 0.461 mmol) and tert-butyl-protected BCMB 4 (237 mg, 0.55 mmol) in 30 ml of dry methylene chloride. To this solution was added a solution of 0.43 mg of DMAP in dry CH 2 Cl 2 via a syringe pump over 8 h. The reaction was kept at room temperature, under argon, and allowed to run for 48 h. The product was puri¢ed by £ash chromatography using 9/1 hexane/ EtOAc. Yield 310 mg (73%). R f = 0.40 (4/1 hexane/ EtOAc). 
Carbonate ester of decylubiquinol and 3P,5P-bis(carboxymethoxy)benzoin (DQ-BCMB, 6)
To a round bottom £ask containing 25 ml neat tri£uoroacetic acid (TFA) in an ice bath was added 280 mg of 5. Under stirring approx. 0.1 ml of water was added to the reaction mixture. After 1 h the reaction was frozen with liquid N 2 , and the solvent removed under reduced pressure for 24 h. Final puri¢cation was achieved using reverse-phase HPLC, using a gradient of 75^100% MeCN in water with 0.1% TFA over 30 min. Upon removal of solvent, the product was isolated as a white powder. 
Steady-state photolysis
Samples were prepared in a quartz cuvette and irradiated with an Oriel 66011 Hg vapor arc lamp operating at 450 W and ¢ltered through water-cooled Schott glass type UG11 and WG320 ¢lters. A stock solution of 6 was added to acetonitrile; 100 mM sodium phosphate bu¡er, pH 7.40; or 100 mM sodium phosphate bu¡er, 0.1% n-dodecyl-L-D-maltoside (DDM), pH 7.40 to yield a ¢nal concentration of 50 WM. The optical absorption was monitored with an HP 8452 diode array spectrophotometer. Photolysis was judged to be complete when no spectral changes occurred upon further illumination. HPLC analysis was performed using a Shimadzu LC-6A system equipped with a Vydac C-18 reversephase column. Analytical runs were performed with 0^100% MeCN in water with 0.1% TFA over 30 min.
Laser spectroscopy
A complete description of the laser setup for photolysis experiments is given elsewhere [29] . The photolysis was initiated by a 308 nm laser pulse from a Lambda Physik LPX201I XeCl excimer laser, and the transient absorption was measured at the appropriate wavelength.
pH dependence of decarboxylation of the carbonate monoester of decylubiquinol
Aqueous solutions containing 30 WM DQ-BCMB and pH indicator dye were subject to laser photolysis under the conditions given above. Reactions were performed both in the presence and absence of 0.1% DDM. The indicator dyes used, along with the observation wavelength for pH change in water and 0.1% DDM, respectively, were as follows: bromphenol blue (pK a = 4.0, V = 590, 596 nm); bromcresol green (pK a = 4.7, V = 610, 616 nm); methyl red (pK a = 4.8, V = 522, 522 nm); bromcresol purple (pK a = 6.3, V = 588, 592 nm); bromthymol blue (pK a = 7.0, V = 614, 620 nm); m-cresol purple (pK a = 8.3, V = 578, 578 nm); and phenolphthalein (pK a = 9.5, V = 552, 552 nm). The solutions were unbu¡ered except by the indicator dye itself. The pH of the solutions was determined by measuring the relative amounts of protonated and deprotonated forms of the indicator dye spectrophotometrically. Concentrations of indicator dye were chosen such that the absorbance of the solution at the observation wavelength when poised at the pK a of the indicator was in the range of 0.3^0.5. The pH changes were measured by the change in intensity of the most intense peak in either the acidic or basic form of the indicator, at the wavelengths listed above.
Reaction of cytochrome bo 3 with DQ-BCMB
A solution of 1.2 WM cytochrome bo 3 and 100 WM DQ-BCMB in 1 ml of 100 mM sodium phosphate bu¡er (Na-PO 4 ), 0.1% DDM, pH 7.4 was subjected to irradiation at 308 nm. The laser power was measured prior to each experiment. Transient absorption was measured at individual wavelengths from 400 to 450 nm. For any given sample, a maximum of 20 pulses (25 ns pulse width, 500 ns total irradiation) was used, with stirring in between each pulse, before the sample was replaced, so as to prevent excessive depletion of starting material. Control experiments were performed on 1.2 WM cytochrome bo 3 in the absence of DQ-BCMB, and on 100 WM DQ-BCMB in the absence of cytochrome bo 3 , over the same wavelength range and using identical conditions as above.
Reaction of cytochrome bc 1 with DQ-BCMB
Solutions of 1.7 WM or 3.4 WM mitochondrial cytochrome bc 1 and 100 WM DQ-BCMB in 100 mM Na-PO 4 , 0.1% DDM, pH 7.4 were irradiated with 308 nm laser pulses. Energies of the laser pulses were measured for each experiment. Absorption transients were acquired over the wavelength ranges 400^450 nm (heme Soret bands) and 540^580 nm (K-bands). Samples were replaced after a maximum of six pulses. For the power dependence studies, a £ow cell was used and the sample replaced after each pulse. Control experiments on cytochrome bc 1 in 100 mM Na-PO 4 , 0.1% DDM, pH 7.4 in the absence of DQ-BCMB, and inhibition studies utilizing antimycin A were performed under identical conditions.
Results
Synthesis of caged decylubiquinol
The caged decylubiquinol used in this work, DQ-BCMB (6), consists of the decylubiquinol enzyme substrate (8) linked to the photolabile BCMB group (10) by means of a carbonate linkage. The synthesis is presented in Scheme 1. The carbonate diester was synthesized in a two-step process, the ¢rst of which was the coupling of monosilylated decylubiquinol (1) with bis(2-nitrophenyl)carbonate (2) to generate compound 3. A second transesteri¢cation step led to the replacement of the nitrophenyl group with the tert-butylated BCMB cage (4) to yield the protected caged quinol 5. Deprotection of this compound was achieved with neat TFA, to give the ¢nal product 6.
Steady-state photolysis of DQ-BCMB
Steady-state photolysis reactions of DQ-BCMB were performed in the following solvents: acetonitrile; 100 mM Na-PO 4 , pH 7.4; and 100 mM Na-PO 4 , 0.1% DDM, pH 7.4. On the basis of prior reports [26, 28, 30, 31] and results presented below, the photolysis reactions appear to have proceeded as diagrammed in Scheme 2. Upon photolysis of DQ-BCMB, the quinol was released as a carbonate monoester (7), and subsequent decarboxylation yielded free quinol 8. Fig. 2 shows the absorption spectrum of intact DQ-BCMB in 100 mM Na-PO 4 , 0.1% DDM, pH 7.4 (a), as well as the spectra of the products of the photolysis reaction in the above solvents. The photolysis in MeCN (c) was typical of the photolytic reactions of the BCMB group. A peak at 292 nm arose during the photolysis; on the basis of earlier studies [27, 28] , it was assigned as arising from the cyclization of the BCMB group to form the substituted benzofuran 9. No signi¢cant spectral changes occurred as a result of the release of the quinol molecule. In aqueous phosphate bu¡er solution (b), photolysis of DQ-BCMB gave rise to a broad peak with a V max at 276 nm and an intensity much lower than was observed in acetonitrile. Prior work from this laboratory has shown that a competition exists in aqueous solution between cyclization of the BCMB group to form the benzofuran and the attack of water on one of the intermediates of the photolytic process to regenerate the parent benzoin 10 [28] . As free BCMB has a spectrum similar to that of unphotolyzed DQ-BCMB, the low intensity seen at 276 nm suggests that the yield of benzofuran product is in fact lower in aqueous solution than in acetonitrile. In accord with this, HPLC analysis of the photolysis products revealed the presence of both the substituted benzofuran and BCMB, in a ratio of 30:70. Photolysis of DQ-BCMB in phosphate bu¡er with 0.1% DDM (d) gave rise to a spectral peak at 284 nm, with an intensity slightly higher than that in acetonitrile. This result was observed consistently for DQ-BCMB at DDM concentrations in the range of 0.05^0.5% (data not shown). HPLC analysis showed that in addition to the release of decylubiquinol, the benzofuran photoproduct was formed in s 80% yield. The high yield of substituted benzofuran observed in DDM solution suggested that the DQ-BCMB was localized in detergent micelles, so that it was shielded from water during photolysis.
Laser photolysis of DQ-BCMB
To determine the rate of photolysis of DQ-BCMB and the photolysis yield under conditions compatible with enzymatic study, transient absorption spectra of 50 WM DQ-BCMB were taken in 100 mM Na-PO 4 , 0.1% DDM, pH 7.4. As shown in Fig. 2 , the photolysis products of DQ-BCMB have a small but nonzero absorbance at wavelengths as high as 500 nm. Control experiments with organic acids derivatized with the BCMB group showed that the absorbance change at high wavelengths arose from the benzoin and benzofuran products, not the quinol substrate. The change in absorbance at 400 nm was used to monitor the photolysis reaction, as there is negligible absorption by DQ-BCMB at this wavelength, and thus no photolysis of the sample by the probe beam, and this wavelength lies below the Soret band in heme spectra. An extinction coe¤cient for the photolyzed minus unphotolyzed di¡erence spectrum of 0.5 mM 31 cm 31 was calculated on the basis of the spectra in Fig. 2 . At a concentration of 50 WM DQ-BCMB, photolysis yield was linear with laser power, generating 10 WM of quinol at a laser power of 3.5 mJ/pulse. Transient absorption was also monitored at 310 nm to measure benzofuran formation speci¢cally. As has been shown with the 3P,5P-dimethoxybenzoin group [27] , photolysis occurred within the instrument response time of the laser setup, setting a lower bound of 10 6 s 31 for benzofuran formation.
Decarboxylation of the caged ubiquinol
As diagrammed in Scheme 2, the overall photolysis reaction of DQ-BCMB involves two processes: the cyclization or hydrolysis of the BCMB group with concomitant release of substrate, and a decarboxylation of the released substrate. While the former reaction is readily observable by optical spectroscopy, the decarboxylation step is more di¤cult to observe. During experiments in which transient absorption spectroscopy was used to monitor the reaction of photoreleased decylubiquinol with E. coli cytochrome bo 3 , we found the rates of enzyme reduction by the released substrate to be slower than the enzyme turnover, which suggested that decarboxylation of the substrate was rate-limiting in this process (see below). In other recent experiments in which amines were linked to photolabile protecting groups using a carbamate linkage, decarboxylation of substrate was shown to be signi¢cantly slower than the primary photolytic process [30] . The availability of a watersoluble BCMB cage allowed us to explore the decar- boxylation reaction of quinol carbonate monoesters in more depth.
The photolysis of DQ-BCMB contains two steps that involve the uptake or release of protons (see Scheme 2). In the actual photolysis event, the BCMB group will either cyclize to form benzofuran and release a proton, or will be hydrolyzed with the associated release of a proton. The carbonate monoester of the quinol will remain deprotonated in normal pH ranges, but upon decarboxylation, the quinol anion will pick up a proton if the solution pH is less than the pK a for the quinol. Thus, upon photolysis of the caged decylubiquinol, there will be a rapid acidi¢cation of the solution and a subsequent alkalinization that should occur at the rate of decarboxylation of the quinol carbonate monoester.
In order to monitor the decarboxylation reaction, laser photolysis reactions were performed in aqueous solution in the presence of pH indicator dyes, so that the pH changes during the reaction could be measured by the absorbance change of the indicator. Reactions were performed both in the presence and in the absence of 0.1% DDM, in the pH range of 3.98 .1. At all pH values, the acidi¢cation was instantaneous on the time scale of the experiment. In the absence of detergent, the alkalinization reaction occurred over the pH range with ¢rst-order rate constants of 195^250 s 31 . In 0.1% DDM solution, the decarboxylation rates were signi¢cantly more rapid than those in its absence. Over the range of indicators used, the rates varied from 370 s 31 to 990 s
31
(average = 600 s 31 ). The variation in rates showed no correlation with pH, demonstrating that the decarboxylation step is not acid-or base-assisted. The generally more rapid decarboxylation in detergent solution likely arose because the caged quinol molecules were localized within detergent micelles, an environment that would tend to destabilize the charged carbonate formed during photolysis of the starting material.
Reaction of DQ-BCMB with cytochrome bo 3
The reaction of E. coli cytochrome bo 3 was studied following photolysis of the caged decylubiquinol by measuring the changes in the optical absorption spectra of hemes b and o 3 . Fig. 3 shows absorption transients at 404 nm and 430 nm following the photolysis of DQ-BCMB in the presence of 1.2 WM cytochrome bo 3 . These wavelengths correspond to the minimum and maximum, respectively, of the reduced minus oxidized di¡erence spectrum of the enzyme. At 404 nm, there was a nearly instantaneous increase in absorbance followed by a biphasic decay in intensity. At 430 nm, the initial increase in absorbance was followed by a rapid decay of the signal and a slower rise in absorbance at this wavelength. The ¢rst phase was assigned on the basis of the wavelength dependence of its magnitude. Through comparison of this phase with the spectrum of the photolysis products of DQ-BCMB and the reduced minus oxidized spectrum of cytochrome bo 3 , the phase was assigned as the photolysis of 23 WM DQ-BCMB and the photoreduction of 0.05 WM cytochrome bo 3 (0.1 WM heme). The second phase of the reaction of cytochrome bo 3 with DQ-BCMB, extending from t = 0 to approx. 500 Ws, was assigned primarily to reoxidation of the hemes, again on the basis of multiple wavelength measurements. A decay arising from ampli¢er ringing in the instrumental setup was also observed during this phase.
The ¢nal phase corresponded to the electron transfer from photoreleased decylubiquinol to cytochrome bo 3 . This phase was not observed in control experiments in which cytochrome bo 3 or DQ-BCMB was irradiated by itself. A biexponential ¢t to the transient absorption data at both 404 nm and 430 nm gave an observed rate constant of 450 s 31 for the ¢nal electron transfer phase. Fig. 4 shows the wavelength dependence of the magnitude of this phase over the wavelength range 400^450 nm. Also included are a reduced minus oxidized di¡erence spectrum for cytochrome bo 3 (solid line) and a di¡erence spectrum for heme b alone (dashed line), measured as described in prior literature [3] . The observed data are ¢t slightly better by the di¡erence spectrum for cytochrome bo 3 than by the di¡erence spectrum of heme b alone. This suggests that the absorption change for this kinetic phase arose from a general reduction of the enzyme, with a somewhat larger reduction level for heme b than for heme o 3 . Reduction of both b and o hemes was veri¢ed on the basis of K-band absorbance as well (data not shown). The magnitude of the absorbance change corresponded to a reduction of 0.11 WM enzyme (0.22 WM heme).
The dependence of the rate of reduction of cytochrome bo 3 on the concentration of photoreleased decylubiquinol was determined over the range 3^35 WM quinol. Decylubiquinol was released as a carbonate upon photolysis of DQ-BCMB, and because neither the carbonate nor the free quinol had a signi¢cant optical absorption at the wavelengths used to monitor cytochrome bo 3 reduction, the concentration of the benzofuran and benzoin photoproducts of the photolysis was used to quantify the amount of decylubiquinol released, with the understanding that the calculated decylubiquinol concentration was the sum of the concentrations of carboxylated and free quinol. The decylubiquinol concentration was varied by changing the laser pulse energy at the sample. The variation of the observed enzyme reduction rate constant k obs with decylubiquinol concentration is shown in Fig. 5 . This concentration dependence was characteristic of pre-steady-state saturation kinetics. Fitting the data using a Michaelis-Menten treatment yielded a K m value of 7 WM and a k cat of 580 s 31 .
Reaction of DQ-BCMB with cytochrome bc 1
Following photolysis of DQ-BCMB in the presence of cytochrome bc 1 , the electron transfer from decylubiquinol to cytochrome bc 1 was monitored by following the absorption changes over the ranges 400^450 nm and 540^580 nm. Distinction between b heme and c heme reduction was accomplished using the wavelength pairs 565^575 nm and 554^540 nm. Fig. 6 shows the time course of the reaction of 3.4 WM cytochrome bc 1 with 100 WM DQ-BCMB, irradiated with a laser pulse energy of 4.5 mJ. The trace with the more rapid initial rise shows the time course of the di¡erence spectrum at 565 nm minus 575 nm, a pair that isolates the redox chemistry of the b hemes in the enzyme. An initial rise in absorbance corresponding to b heme reduction was followed by a slower decay assigned as electron transfer from the b hemes to ubiquinone at the N center of the enzyme. A biexponential ¢t to the data gave an observed rate constant of 270 s 31 for the reduction of the b hemes and a rate constant of 34 s 31 for the subsequent oxidation. The other trace is that from the di¡erence of the transients at 554 nm and 540 nm, character- istic of c heme reduction. The trace reveals a reduction of cytochrome c 1 that was slower than that of the b hemes, with an exponential ¢t yielding a reduction rate constant of 60 s 31 . The magnitudes of the absorbance changes corresponded to a reduction of 1.1 WM b heme (0.54 WM cytochrome b) and 1.2 WM c heme. The higher maximal reduction level of c heme was attributed to loss of electrons from cytochrome b through the N center. Fig. 7 shows the wavelength dependence of the absorption changes arising from the reaction of cytochrome bc 1 with photolyzed DQ-BCMB 50 ms after the laser pulse. The left panel shows the spectrum that arose from the photolysis of DQ-BCMB in the presence of 1.7 WM cytochrome bc 1 . Also included is a scaled, reduced minus oxidized di¡erence spectrum of cytochrome bc 1 . Assuming reduction of all of the redox centers in the protein, 0.22 WM of enzyme was reduced from a single laser pulse. The right panel in Fig. 7 shows the wavelength dependence of the reaction of photolyzed DQ-BCMB with 3.4 WM cytochrome bc 1 . Also included is the reduced minus oxidized spectrum of cytochrome bc 1 in this spectral range. The proportionally higher absorbance at 552 nm, the absorption maximum of cytochrome c 1 , relative to that at 565 nm, the absorption maximum for cytochrome b, shows a higher average level of c heme reduction than b heme reduction, in accord with the transients in Fig. 6 .
In the reaction of 1.7 WM cytochrome bc 1 with 100 WM DQ-BCMB, the dependence of the electron transfer rate into cytochrome bc 1 on the concentration of photoreleased decylubiquinol was measured using the absorbance change at 430 nm following photolysis. The concentration was varied by changing the laser pulse energy, and was measured in a parallel experiment in which 100 WM DQ-BCMB was photolyzed under identical laser pulse energies in the absence of enzyme. Unlike in prior literature reports [32, 33] , the expected linear dependence of the rate on decylubiquinol concentration was not observed. Rather, a concentration dependence indicative of saturation kinetics was seen, with an observed K m of 3.6 WM and a k cat of 210 s 31 . In order to eliminate the loss of electrons from the N site of cytochrome bc 1 , the reaction of 3.4 WM cytochrome bc 1 with 100 WM DQ-BCMB in the presence of the N center inhibitor antimycin A was performed in conjunction with the above reactions. Fig.  8 shows the di¡erence transients from the reaction of cytochrome bc 1 with DQ-BCMB in the presence of 10 WM antimycin A. The upper trace shows the difference in absorbance at 565 nm minus 575 nm. The reduction was monophasic, with an absorbance change corresponding to reduction of 1.24 WM b heme. The rate of b heme reduction was slower than that in the absence of inhibitor, with an observed rate constant of 53 s 31 for this phase. This slower rate of b heme reduction cannot be explained by a lower quinol concentration. Thus, we attribute Fig. 6 . Time course of the reaction of 3.4 WM cytochrome bc 1 with 100 WM DQ-BCMB. Photolysis was initiated with a 4.5 mJ laser pulse. The traces show the di¡erence spectrum of the absorbance at 565 nm minus 575 nm, with a biexponential ¢t to the data, and the di¡erence spectrum at 554 nm minus 540 nm, with a single exponential ¢t to the data. The trace at each wavelength resulted from a single laser pulse. the slower rate at least in part to inhibition of quinol oxidation by antimycin. The lower trace in Fig. 8 follows the reduction of the c heme in the enzyme. A reduction rate of 56 s 31 was observed for this heme, essentially identical to that of b heme reduction and very similar to that of c heme reduction in the absence of inhibitor. The absorbance change corresponded to a reduction of 0.98 WM c heme. The coincidence of the reduction rates for b and c heme reduction is in accord with inhibition of quinol oxidation by antimycin. When an antimycin concentration of 2 WM was used, rate constants of 70 s 31 and 57 s 31 were observed for b heme and c heme reduction, respectively, demonstrating an easing of the inhibition.
Discussion
Evaluation of DQ-BCMB as a photoreleasable enzyme substrate
The caged decylubiquinol, DQ-BCMB, was designed and synthesized for use as a substrate for quinol-oxidizing respiratory enzymes. Compatibility of DQ-BCMB with biological systems and its utility in enzymological studies require several chemical and physical properties, which are assessed below.
In previous work on ubiquinol protected with a 3P,5P-dimethoxybenzoin moiety, the photolysis properties of this compound could not be evaluated completely on account of the insolubility of this compound in water [27] . Solubility problems of this sort are common for photolabile protecting groups, which usually contain aromatic chromophores that decrease the aqueous solubility of the molecules they protect. The BCMB cage has overcome this problem through the presence of two carboxylate groups that provide water solubility without signi¢-cantly a¡ecting the photochemical properties of the protecting group. We have measured the solubility of DQ-BCMB as s 300 WM in 0.1% DDM solution, a concentration that is much higher than that necessary for enzymological studies. Although the compound is water-soluble, it has the desirable feature of partitioning preferentially into the detergent phase of solution, as demonstrated by the steady-state photolysis experiments described above. Localization of DQ-BCMB in a hydrophobic environment is ideal in that the carbonate linkage of the caged substrate is less prone to hydrolysis in the hydrophobic environment, and in that the enzymes of interest to us are membrane-bound, and thus the reaction chemistry should be facilitated by the proximity of substrate and enzyme.
Two other criteria for an optimal caged substrate are the inactivity of the caged substrate with respect to the enzyme and the formation of inert by-products from the photolysis reaction. Through the use of control reactions, we have demonstrated the ¢rst property with respect to cytochrome bc 1 and cytochrome bo 3 . The by-products of the reaction, the substituted phenylbenzofuran and CO 2 , do not possess any functional groups that are likely to react with these enzymes, and neither product has shown inhibition of enzyme turnover.
The quantum yield of the photolysis products of DQ-BCMB is quite high as well, another requirement for a useful photocage. Sheehan, et al. reported a quantum yield of 0.64 for DMB-acetate [25] , and a similar value has been estimated for alcohols protected with the DMB group using a carbonate linkage [26] . We expect the quantum yield for DQ-BCMB to be the same. From a practical standpoint, laser photolysis of 100 WM DQ-BCMB was capable of releasing 35 WM of substrate in one pulse using acceptable laser power (approx. 5.5 mJ/pulse), a value su¤ciently high for enzyme studies.
The BCMB cage was chosen for use on the basis of the rapid photochemistry of the benzoin group. However, the rate-determining step for release of active quinol is the decarboxylation of the carbonate that arises upon photolysis of the caged substrate. Sauers et al. have found an empirical relationship between the pK a of aliphatic alcohols and the rate of decarboxylation of the corresponding alkyl carbonates [34] . Rossi and Kao have utilized the o-nitromandelyloxycarbonyl group to cage 2,5-di(tert-butyl)hydroquinone, and on the basis of the above relationship, they calculated an approximate t 1a2 for the decarboxylation of the carbonate of 5 ms [31] . Further, Papageorgiou and Corrie have reported a t 1a2 of 4.5 ms for decarboxylation of a carbamate that was generated photochemically [30] . The values reported herein are comparable to or faster than these.
Although the potential rates of decylubiquinol release that may have been predicted on the basis of the rate of benzoin cyclization were not realized, the BCMB cage still allows a rapid release of this substrate. In detergent solution, decarboxylation rates as high as 990 s 31 were observed for decylubiquinol, making substrate release comparable to or faster than traditional rapid-mixing/stopped-£ow techniques. The photorelease of quinol substrate can serve as a complementary technique to more traditional methods of studying rapid kinetics. It has potential use in situations where the turbulent mixing associated with stopped £ow may disrupt the integrity of liposomes, and for techniques such as Laue di¡rac-tion in which rapid mixing cannot be used to initiate reaction chemistry.
Reaction of cytochrome bo 3 with photolyzed DQ-BCMB
Comparison of the pre-steady-state reaction of cytochrome bo 3 and photolyzed DQ-BCMB with the steady-state reaction of cytochrome bo 3 and free ubiquinol revealed two unexpected features. First, in the reaction of enzyme with photolyzed DQ-BCMB, where ubiquinol was released in a carboxylated form, the kinetics of cytochrome bo 3 reduction showed saturation behavior. With an equivalent concentration of free ubiquinol reacting with the enzyme under steady-state conditions, the kinetic behavior is non-saturating. Second, the maximum electron transfer rate in the reaction of photolyzed DQ-BCMB with cytochrome bo 3 was less than the V max observed when ubiquinol was reacted with the enzyme in multiple turnover experiments. As demonstrated above, the decarboxylation rate constant of the caged decylubiquinol in detergent solution is on the order of 600 s 31 , very similar to the observed k cat for cytochrome bo 3 reduction. From this we conclude that the kinetics of cytochrome bo 3 reduction were dictated by the chemistry of the carboxylated decylubiquinol, as described in Eqs. 4 and 5. Photolysis of DQ-BCMB yielded the carboxylated decylubiquinol, which rapidly formed a tight Michaelis complex with cytochrome bo 3 . Electron transfer into the enzyme did not happen until decarboxylation of the decylubiquinol occurred. Therefore, the decarboxylation of the substrate was rate-limiting in the reduction of enzyme. This reaction chemistry was a peculiarity of the photochemical system used to initiate the chemistry; nevertheless, it dominated the intended reaction chemistry for this system shown in Eqs. 4 and 6, decarboxylation of decylubiquinol followed by reaction of the free decylubiquinol with the enzyme.
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Because of the low concentration of enzyme used in these studies, the photolysis of DQ-BCMB invariably produced an excess of quinol with respect to cytochrome bo 3 . Therefore, it was expected that more than one molecule of decylubiquinol would react with the enzyme in the time frame of the transient absorption experiments. The wavelength dependence of the absorption transients in these experiments was most consistent with reduction of both heme b and heme o 3 . Because the Cu B center in cytochrome bo 3 has the highest reduction potential of all of the redox centers in the enzyme, it will undoubtedly accept one electron during the reaction of oxidized cytochrome bo 3 with ubiquinol. In addition, most reported redox studies of cytochrome bo 3 have shown that the reduction potentials of the two hemes di¡er by at least 60 mV [35^40]. Thus, reduction of both heme b and heme o 3 requires reaction of the enzyme with more than one molecule of quinol. A prior study from our laboratory, using freeze-quench methodology to study the reaction of cytochrome bo 3 with ubiquinol-2, showed that if only one molecule of quinol was allowed to react with enzyme, the electrons transferred in this reaction ended up primarily on Cu B and heme b in the enzyme [41] . The di¡erent electron distribution observed in the current study lends further support to the idea that more than one quinol molecule reacted with each enzyme molecule. Thus, in order to achieve kinetic resolution of the reaction of cytochrome bo 3 with individual molecules of ubiquinol, a more rapid initiation of the enzyme chemistry is necessary.
Reaction of cytochrome bc 1 with DQ-BCMB
Through the use of DQ-BCMB as a photoreleasable enzyme substrate, we have been able to probe the reaction of cytochrome bc 1 with a ubiquinol substrate under pre-steady-state conditions. Although the decarboxylation of photoreleased decylubiquinol had to be taken into account in interpreting the kinetics of the reaction, the kinetics were well de¢ned, so there was no dead time as such for this experimental setup. Reduction of cytochrome bc 1 by decylubiquinol was observed in both the Soret and Kbands in the optical spectra of the enzyme, and kinetic phases corresponding to b and c heme reduction were distinguished. These observations have demonstrated the utility of DQ-BCMB as a photoreleasable enzyme substrate, and have shown that the methodology has been re¢ned su¤ciently to probe all of the kinetic phases in the pre-steady-state reaction of this enzyme.
The present work has provided a very e¡ective means of observing electron input into isolated cytochrome bc 1 on a rapid time scale. In the study of electron input to cytochrome bc 1 , two other methodologies have been utilized predominantly. Ubiquinol has been generated photochemically in bacterial chromatophores containing photosynthetic reaction centers and cytochrome bc 1 , and the subsequent electron transfer to cytochrome bc 1 has been observed [19,32,42^44] . The reaction of quinol with cytochrome bc 1 has also been studied using stopped£ow spectrophotometry [33, 45] . With respect to the former technique, photolysis of DQ-BCMB to initiate electron input into cytochrome bc 1 is simpler in an experimental sense, and avoids some ambiguities and uncertainties arising from the use of photosynthetic reaction centers. As compared to stopped£ow spectrophotometry, the photoreleasable ubiquinol gives a more rapid initiation of enzyme chemistry, as there is no dead time due to mixing. It should also be noted that the most rapid stopped-£ow studies to date have monitored the reaction of cytochrome bc 1 with menaquinol, a non-physiological substrate of the enzyme.
The time scale allowed through the use of DQ-BCMB has made possible the resolution of b heme and c heme reduction rates in the reaction of ubiquinol with cytochrome bc 1 , without the necessity of using non-physiological substrates or inhibitors. In the reaction of cytochrome bc 1 with decylubiquinol in the absence of inhibitors, cytochrome b reduction occurred at a more rapid rate than that of cytochrome c 1 . Because the iron-sulfur cluster and cytochrome b are the initial electron acceptors, this result was not unexpected. The slower reduction of cytochrome c 1 relative to cytochrome b showed that electron transfer from the iron-sulfur protein to cytochrome c 1 was slower than either of the two electron transfers associated with the oxidation of the quinol substrate, and thus that the initial oxidation reaction of quinol (Eqs. 1 and 2) was not ratelimiting in the full reduction of the enzyme. As no distinct second phase of b heme reduction was observed on the time scale of these experiments, it cannot be con¢rmed whether motion of the iron-sulfur protein (Eq. 2) or subsequent quinol oxidation was rate-limiting under these conditions. In the presence of antimycin A, the b heme reduction level was increased relative to that of cytochrome c 1 and no phase corresponding to b heme oxidation was seen, as expected from the known inhibitory properties of antimycin. However, we found that the rate of b heme reduction was decreased and was nearly iden-tical to that of c heme reduction in the presence of antimycin. We interpret this result to mean that antimycin was able to a¡ect the reaction chemistry at the P center of the enzyme as well as the N center, although the role of the N center in electron input to cytochrome b has not been de¢ned fully. In that cytochrome bc 1 operates as a proton pump, we expect some sort of allosteric interaction between the N center and the P center in this enzyme.
The saturation kinetics observed in the reaction of photoreleased decylubiquinol with cytochrome bc 1 stand in stark contrast to the second-order behavior noted in the pre-steady-state reaction of cytochrome bc 1 with comparable concentrations of ubiquinol-10 [32] and menaquinol [33] in previous studies. Also, the observed reaction rates in this study are signi¢-cantly higher than in the previous work. As with the reaction of photolyzed DQ-BCMB with cytochrome bo 3 , we attribute this behavior to the reaction of carboxylated decylubiquinol with cytochrome bc 1 . Because the carboxylated decylubiquinol is anionic at physiological pH, its binding a¤nity at the P center likely mirrors that of deprotonated ubiquinol and ubisemiquinone anion, both of which are presumed intermediates in quinol oxidation by cytochrome bc 1 . From biochemical evidence and the recently published crystal structures of cytochrome bc 1 , the residues that would most likely stabilize anionic intermediates are the histidine residues associated with the iron-sulfur cluster, speci¢cally His161 of the mitochondrial enzyme [12, 13, 21] . The tight binding of the carboxylated decylubiquinol at the P center also gave rise to the rapid kinetics of quinol oxidation. The value of k cat /K m for the reaction of cytochrome bc 1 with photolyzed DQ-BCMB, 5.8U10 7 M 31 s 31 , was signi¢cantly larger than the second-order rate constant of 1.3U10 6 M 31 s 31 that was reported for the reaction of menaquinol with cytochrome bc 1 [33] , and the value of 3U10 5 M 31 s 31 published for the reaction of ubiquinol-10 with cytochrome bc 1 in which the reaction was initiated by irradiation of photosynthetic reaction centers [32] .
In spite of the fact that the carboxylated decylubiquinol controlled the reaction kinetics in this system, the reaction chemistry following the decarboxylation of the quinol was expected to be identical to that of native ubiquinol with enzyme. Therefore, the conclusions drawn from the study of the reaction of DQ-BCMB and cytochrome bc 1 , with respect to relative electron transfer rates and the mechanism of branched electron transfer in cytochrome bc 1 , are applicable to the physiological turnover of this enzyme as well.
Conclusion
In this work we have characterized the caged decylubiquinol DQ-BCMB and demonstrated that it possesses many properties that make it highly suitable as a photoreleasable enzyme substrate. It has good solubility in aqueous solution, excellent reactivity characteristics, a high photolysis yield, and a release time comparable to or better than traditional mixing techniques or photolysis of other`caged' alcohols. Further, we have demonstrated the use of DQ-BCMB as a means of photoinitiating bimolecular enzyme chemistry. With this caged decylubiquinol, we have probed the electron input kinetics of mitochondrial cytochrome bc 1 on a millisecond time scale. The improvement in time resolution gained over more traditional stopped-£ow techniques allowed us to observe even the most rapid electron transfers from ubiquinol to this enzyme using substrate concentrations as high as 35 WM. Resolution of b heme and c heme reductions on this time scale has provided an avenue for the exploration of the events that occur at the P center during the oxidation of quinol molecules, and hopefully will allow an accurate description of the means by which the bifurcation of electron transfer in this enzyme takes place. We hope that further methodology development with photolabile protecting groups will allow an equally complete description of electron transfer into cytochrome bo 3 and other quinol-oxidizing enzymes.
